INTRODUCTION
X-ray computed tomography (X-CT) enables the nondestructive observation of the internal structure of specimens and is a powerful analysis tool. It has become popular in medicine, biology and materials science since its introduction in the 1970s [1] [2] [3] . Over the last few decades, many novel CT techniques have been proposed. One of the recent developments is single circular orbit cone beam X-ray CT (CBCT), which is based on twodimensional area detector.
Compared with the conventional fan-beam X-CT, single circular orbit CBCT permits the production of hundreds of slices in parallel in a single gantry rotation and has a potential to achieve better scan efficiency and temporal resolution. However, it is impossible to avoid the cone beam artifacts because of data insufficiency [4, 5] . According to Tuy's condition [4] , an exact 3D reconstruction from cone-beam projections is possible only when there exists at least one cone-beam source point on every plane that intersects the object. Unfortunately, single circular orbit CBCT does not satisfy this condition. The popular FDK algorithm developed by Feldkamp, Davis, and Kress [6] for single circular orbit CBCT is a generalization of 2D fan-beam filtered back-projection algorithm. It yields an exact image for the central plane and works well for small cone-beam angle. However, cone-beam artifacts will be produced in the slices away from the central plane and become serious as the angle increases. Although many variants of circular orbit CBCT have been proposed to implement the acquisition of a complete data set, they are at the cost of scan efficiency and temporal resolution. Recently the multiple parallel circular orbits cone beam X-CT technique [7] has been proposed to deal with the cone beam artifacts. It adopts several X-ray sources along the vertical direction and reduces the cone beam artifacts by decreasing the cone beam angle.
In this paper, a new volumetric reconstruction technique was proposed for cone beam computed tomography (CT) system with multiple parallel circular orbits, which can be used to suppress the cone-beam artifacts, permit the reconstruction of limited angle projections and decrease the noise. It firstly adopted the super-short-scan algorithm [8] [9] [10] to reconstruct the volume for each orbit of the multiple parallel orbits. Then the multiple reconstructed volumes were weighted averaging in frequency domain [7] to get the final results. The numerical simulation results using the well-known FORBILD thorax phantom validated the proposed approach. This new method would be of interest for the development of new CT imaging devices. Fig .1 depicts the scanning geometry of cone beam computed tomography system with multiple parallel circular orbits. In this geometry, each circular orbit is treated as the travel trajectory of one source point. At each view angle, the source emits cone-beam X-ray to penetrate the sample (here the human body) and the opposite area detector captures the projection image. Finally the algorithm reconstructed the sample volume from the recorded projection data set.
II. SCANNING GEOMETRY
In Fig .1(a) , the travel trajectories are discontinuous for limited angle CT. In this case, the conventional FDK algorithm can not work. We can adopt the classical supershort-scan algorithm to deal with this problem.
In Fig .1(c) , there exist some overlap volumes. The overlap volume is the volume in the field of view (FOV) that can be reconstructed from multiple parallel cone-beam circular orbits. And we call the volume in the FOV that can only be reconstructed from one circular orbit conebeam non-overlap volume. One simple approach to deal with these overlap volumes is to reconstruct values at a particular location using only the data from the source that International Conference on Mechatronics, Electronic, Industrial and Control Engineering (MEIC 2015) has the smallest cone-beam angle at that location. The image would have optimum accuracy but this is inefficient from a noise perspective. Another straightforward approach is to average the super-short-scan reconstructions from multiple parallel circular orbits. This is desirable for noise performance but would introduce cone-beam artifacts from the higher cone-beam angle data. As a compromise approach, the reconstructed volumes from different circular orbits can be combined using weighted averaging or ray-based weighting of the raw data that could be used, where the weights can be determined by the cone-beam angle of each orbit for the overlap volume .
III. NEW RECONSTRUCTION TECHNIQUE
Based on above analysis in Section II, we proposed a new reconstruction technique for multiple parallel circular orbits CT. Firstly the classical fan-beam super-short-scan algorithm is extended to cone-beam and applied to the projection data of each circular orbit to reconstruct the volume of interest (ROI). Then the overlap volumes are recognized and weighted. This technique adopts the supershort-scan algorithm to suppress the artifacts from the limited angle projections and deals with the overlap volume using weighted averaging. For a multiple parallel circular orbits CT with m parallel orbits, the reconstruction procedure of the new algorithm is summarized as follows: i) Perform 3D reconstruction of cone beam super-shortscan geometry for each orbit to obtain m image volumes (k=1, 2, m). denotes any arbitrary point in the ROIs. Here Noo's fan-beam reconstruction formula [9] was adopted and expressed by equations (1), (2) and (3). We extended these equations from fan-beam to cone-beam to match the scanning geometry in Fig .1 by using the wellknown cosine correction [6] .
(1)
The detailed description about these equations can be found in [9] . ii) For each target axial cross-section i, analyze its overlap situation and extract the corresponding slices (j=1,2,…s) from (k=1, 2, m). Here s is smaller than m.
iii) Take FFT for the corresponding slices (j=1,2,…s) to get (j=1,2,…s). iv) Perform weighted averaging in frequency domain using formula (4).
(4) Here, is a weighting function to handle redundant data in frequency space. One can refer to [7] for details about this weighting function . v) Take IFFT for to obtain combined axial slice . vi)Steps ii)-v) are performed for all axial cross-sections. vii) All are stacked to produce the combined image volume .
IV. NUMERICAL SIMULATION
Numerical simulations were executed in this section to investigate the validity and the performance of the proposed reconstruction algorithm. The system configuration parameters are shown in Table I . All the results are also compared to a reference system, which is a simple cone-beam axial scan with the same axial coverage and without any gaps using the standard FDK algorithm for reconstruction. The reference system is expected to have cone-beam artifacts due to the large cone-beam angle.
A numerical model based on the FORBILD thorax phantom was used in our simulation. The vertebrae of the thorax phantom are known to produce strong cone-beam artifacts at larger cone-beam angles. All simulations were monochromatic and conducted using analytic projection models to calculate the projection.
A noiseless simulation was firstly performed to display the reconstruction procedure of the proposed method and demonstrate its abilities of eliminating limited angle artifacts and cone-beam artifacts. Another simulation was then executed to investigate the noise property of the proposed method by adding 3% Gaussian noise into the projections. Fig .2 shows the reconstruction procedure of the proposed method with noiseless projection. Taking the reconstruction of 3rd cone-beam orbit as an example, panel I in figure 2 depicts the super-short-scan reconstruction. Fig .2(a) is the projection data set, Fig .2(b) the reconstructed axial slices and Fig .2(c) the 3D visualization of the images. Panel II shows the weighted average operation. Fig .2(d) displays the reconstruction results of all the five orbits. Fig .2(g) is 3D visualization of the final results after the weighted average operation in frequency domain. It has almost no disparity with the phantom and validates the proposed method. Fig .3 demonstrates the performance of the proposed method on eliminating artifacts using the axial slice reconstructed with noiseless projections. Fig .3(a) shows the slice reconstructed from the reference system using the standard FDK algorithm. This slice is 50mm away from the central plane and corresponds to half cone-beam angle about 4.8°. The cone-beam artifacts around the vertebra, marked by the red arrow in Fig .3(a) , are quite visible. In contrast, there are no visible artifacts in the slice image reconstructed by the new algorithm displayed in Fig .3(b) .
It is clear that the new reconstruction algorithm works well on eliminating cone-beam artifacts and permitting the reconstruction of limited angle projections. The gray curves in Fig .3 support quantitatively this conclusion. Fig .4 repeats the demonstration in figure 3 but using the sagittal slice. Fig .4(a) and (b) show the slices reconstructed by the reference system using the standard FDK algorithm and by the multiple parallel circular orbits CT using the new method respectively. The images in Fig .4 verify again the validity of the new method on eliminating artifacts.
The application of the super-short-scan algorithm in the new method makes contribution to the reduction of limited angle artifacts. It avoids the estimation of the missing rays. The multiple parallel circular orbits architecture is responsible for the suppression of cone-beam artifacts. Fig .4 repeats the demonstration in figure 3 but using the sagittal slice. Fig .4(a) and (b) show the slices reconstructed by the reference system using the standard FDK algorithm and by the multiple parallel circular orbits CT using the new method respectively. The images in Fig .4 verify again the validity of the new method on eliminating artifacts.
The application of the super-short-scan algorithm in the new method makes contribution to the reduction of limited angle artifacts. It avoids the estimation of the missing rays. The multiple parallel circular orbits architecture is responsible for the suppression of cone-beam artifacts. Fig .5 investigates the noise property of the proposed method using the axial slices reconstructed with noisy projections. Figures 4(a) and (b) correspond to the images reconstructed by the reference system using the standard FDK algorithm and by the multiple parallel circular orbits CT using the new method respectively. It seems that the new method has better noise performance than the reference system. The gray curves in Fig .5 support quantitatively this observation. The images in Fig .5 verify that the new method provides an improved noise performance.
This improvement on noise is attributed to the application of the weighted average operation in frequency domain and the super-short-scan algorithm.
V. CONCLUSION
In this paper, a new volumetric technique was proposed for multiple parallel circular orbits CT and validated by the numerical simulation study on FORBILD thorax phantom. Compared with the current methods, it was successful on eliminating artifacts, permitting the reconstruction of limited angle projection and improving the noise performance. The application of the super-short-scan algorithm contributes to the reduction on limited angle and cone-beam artifacts. The improvement on noise performance is attributed to the weighted average operation on 3D volumes reconstructed by the super-shortscan algorithm.
